Chitinase producing bacteria can involve extensively in nutrient cycling and energy flow in the aquatic environment through degradation and utilization of chitin. It is well known that diatoms cells are encased by box-like frustules composed of chitin. Thus the chitin containing of diatoms shall be a natural target of chitinase producing bacteria, however, the interaction between these two organismic groups has not been studied thus far. Therefore, in this study, the algicidal mechanism of one chitinase producing bacterium (strain LY03) on Thalassiosira pseudonana was investigated. The algicidal range and algicidal mode of strain LY03 were first studied, and then bacterial viability, chemotactic ability and direct interaction characteristic between bacteria and diatom were also confirmed. Finally, the characteristic of the intracellular algicidal substance was identified and the algicidal mechanism was determined whereby algicidal bacterial cells showed chemotaxis to algal cells, fastened themselves on algal cells with their flagella, and then produced chitinase to degrade algal cell walls, and eventually caused algal lysis and death. It is the first time to investigate the interaction between chitinase producing bacteria and diatoms, and this novel special interaction mode was confirmed in this study, which will be helpful in protection and utilization of diatoms resources.
Determination of algicidal activity and algicidal mode.
To determine the algicidal activity of C.
prasina LY03 and C. koreensis KACC 11467 on experimental algae, the fluorescence intensity of the algal cultures were monitored. Strain LY03 and KACC11467 were inoculated into 20 mL NA medium and grown to the stationary phase at 37 °C in a shaker at 120 rpm for 24 h. To study the algicidal activity, different concentrations of bacterial cultures (0.3, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0%; v/v) were added into a T. pseudonana culture, which was used to determine the algicidal activity and experimental concentration of the bacterial culture. To study the algicidal mode, different treatments were implemented as follows: (1) adding concentrations of 2.0% bacterial culture into algal cultures; (2) adding concentrations of 2.0% of 0.22-μ m Millipore membrane bacterial culture filtrate into algal cultures; (3) adding concentrations of 2.0% washed bacterial cells, which were resuspended in sterile f/2 after centrifugation at 10,000 rpm for 5 min and washing twice with sterile f/2 medium into algal cultures, to determine if algicidal activity was from the bacterial cells. The control group was normal growth algae with sterile NA or sterile f/2 medium added to avoid the medium influence. The fluorescence intensity in different treatment groups and control groups was measured under a microplate reader with 440 nm of excitation light and 680 nm of emission light after exposure.
The algicidal rate was calculated using the equation 1:
where FT is the fluorescence intensity of the treated algal culture and FC the fluorescence intensity of the control algal culture 12 . Identification of bacterial viability. C. prasina LY03 was cultured in NA medium at 37 °C for 24 h, and then washed bacterial cells after centrifugation at 10,000 rpm for 5 min as well as washing twice with sterile f/2 medium were added to sterile f/2 medium for 24, 48 and 72 h. Samples in different treatment groups were incubated at 25 °C for 30 min and stained with 10 μ g/mL propidium iodide (PI) in dark for 15 min 13 and then resuspended in f/2 medium. Flow cytometry (FCM) analysis was performed using a BD LSRFortessa cell analyzer (BD, USA), equipped with an arc lamp as the light source. For each sample about 10,000 cells were analyzed.
Determination of chemotactic ability. f/2 agar medium was prepared by adding 0.18% agar into f/2 medium followed by sterilization. 10 mL of C. prasina LY03 and KACC11467 cultures were centrifuged at 10,000 rpm for 5 min and washed twice with sterile f/2 medium, before the bacterial cells were resuspended in 500 μ L sterile f/2 medium. The bacterial suspension was mixed in the f/2 agar medium after the medium was cooled to room temperature, and then agar plates with bacterial cells were prepared using the pour plate method. 50 mL of T. pseudonana and P. tricornutum algal cultures were collected after centrifugation at 3500 rpm for 3 min and washed twice with sterile f/2 medium. After the pellets were resuspended in 50 μ L sterile f/2 medium, a small amount of these freshly prepared algal cells was dropped on to the center of the f/2 agar medium containing bacterial cells. A chemotactic ring was observed around the algal lipid droplet after this agar medium was cultured at 37 °C for 24 h. 20 Location of algicidal substance in algicidal strain LY03. To evaluate the algicidal activity of each cellular fraction of strain LY03 against T. pseudonana, each fraction was prepared using the method of Jung 14 , with slight modifications. The bacterial cells of strain LY03 grown in 1 L of NA media were centrifuged at 10,000 rpm for 5 min, the remaining bacterial cells were washed twice with sterile f/2 medium, and then re-suspended with 20 mL of a freshly prepared isotonic buffer solution (TMS) (Tris-HCl 50 mmol L −1 pH = 8.0, MgCl 2 16 mmol L −1 , sucrose 33% w/v, lysozyme 100-200 μ g L −1 , phenylmethylsulfonyl fluoride 0.1 mmol L −1 ). The cell suspension was incubated at 37 °C for 30-60 min and centrifuged at 21,000 g at 4 °C for 15 min. Then, the supernatant was carefully collected to obtain periplasmic proteins. The remaining pellet was re-suspended in lysis buffer (Tris-HCl 50 mmol L −1 pH = 8.0, MgSO 4 5 mmol L −1 ) followed by repeated sonication at 50 A and 4 °C for 5 min. The solution was centrifuged at 21,000 g at 4 °C for 1 h to obtain the cytoplasm in the supernatant. The last remaining pellet was immediately re-suspended in TMS and acquired the cytoplasmic membrane. The algicidal activity of each fraction of strain LY03 was determined following the above method.
Analysis of the interaction between bacterial cells and algae.
Characteristic identification of intracellular algicidal substances. Intracellular cellular culture of algicidal strain LY03 was obtained using the above-mentioned method, and then different treatments were performed on intracellular substances, in order to determine the characteristic of the intracellular algicidal substances. The algicidal activity of intracellular algicidal substances were studied after the intracellular substances were treated with protease, different temperatures (− 80, 25, 55, 65, 80, 90 and 99 °C) and different pH values (1, 2, 3, 7.8, 11, 12 and 13) . Intracellular substances were obtained from bacterial cells of strain LY03. The bacterial cells were lysed by sonication at 50 A and 4 °C for 5 min, centrifuged at 10,000 rpm for 5 min, and the intracellular substances were in the intracellular supernatant. The intracellular supernatant was treated under different temperatures for 1-2 h, and added into an algal culture after cooling to room temperature. The pH of the intracellular supernatant was adjusted to different pH values, kept for several hours, and then adjusted back to the initial pH to investigate the algicidal activity.
Statistics. All data were presented as means ± standard error of the mean and were evaluated using one-way analysis of variance followed by the least significant difference test, with p < 0.01 and p < 0.05 (Origin 8.5 for Windows).
Results
Algicidal activity, algicidal range and algicidal mode of strain LY03. Different concentrations of strain LY03 (0.3, 0.5, 1.0, 2.0, 3.0, 4.0 and 5.0%) were added into algal cultures and the algicidal activity was measured in Fig. 1 . There was no obvious algicidal activity in concentrations of 0.3 and 0.5% compared to the control. When the amount exceeded concentration of 1.0%, the fluorescence intensity in the treatment groups has significantly (p < 0.01) decreased compared to the control, and the algicidal rates in concentrations of 1.0, 2.0, 3.0, 4.0 and 5.0% were 7.9, 30.3, 45.6, 54.4 and 56.8%, respectively. Therefore, we chose a concentration of 2.0% as the experimental concentration for strain LY03. The algicidal range and algicidal mode of strain LY03 are shown in Fig. 2 . To investigate the algicidal effect of LY03 on diatoms, we chose five diatoms: T. pseudonana, T. weissflogii, C. muelleri and S. costatum, which contain chitin in their siliceous shells, and P. tricornutum, which does not contain a siliceous shell with chitin, as the target algae. Figure 2A showed that all the experimental diatoms except P. tricornutum were seriously damaged under the algicidal effect, and the algicidal rate reached 70% after 24 h treatment. We also studied the algicidal activity of strain LY03 on other algae (Fig. 2B ), and strain LY03 did not show any algicidal effect on algae other than the dinoflagellates.
To determine the algicidal mode, we separated bacterial cells and the supernatant from bacterial culture, and then investigated the algicidal effect of different fractions ( Fig. 2A) . The results showed that the bacterial cells of strain LY03 showed high algicidal activity, as well as an obvious algicidal rate of bacterial cells, whereas the supernatant of strain LY03 did not exhibit algicidal effect on any of the experimental algae.
In follow-up experiments, we chose bacterial cells to study the interaction property between bacteria and algae. T. pseudonana with chitin and P. tricornutum without chitin in algal cells were chosen as experimental algae, because of their advantages as model diatom species and their clear genomic information.
Bacterial viability in algal cultures.
To study the viability of strain LY03 after bacterial cells were added into the algal culture, bacterial cells with PI staining were used for study with FCM ( Fig. 3 ). As shown in Fig. 3A , only 0.12% of the bacterial cells in the control were stained with PI, and most of the bacteria survived. After strain LY03 was added to algal cells cultured for 24, 48 and 72 h, the ratios of bacterial cells stained with PI were only 4.39, 3.17 and 4.31%, respectively.
Chemotactic ability of strain LY03. C. koreensis KACC 11467 belongs to the same genus with strain LY03, and can also secrete chitinase. However, strain KACC 11467 showed no algicidal effect on diatoms ( Fig. S1 ), no matter whether bacterial culture, bacterial cells or supernatant. Therefore, strain KACC 11467 was chosen as another chitinase producing bacterium to clarify the functional mechanism between strain LY03 and diatoms. To understand the chemotactic ability of strain LY03 and KACC 11467, chemotaxis plate test were performed in Fig. 4 . The results showed that there was an obvious chemotactic ring in the f/2 plate after adding bacterial cells of strain LY03, no matter what the chemotactic substance was. Strain LY03 showed high chemotactic ability to T. pseudonana and P. tricornutum cells ( Fig. 4B,C) . We also studied the chemotactic ability of strain KACC 11467 on T. pseudonana cells, as shown in Fig. 4D , and there was an obvious chemotactic ring in the plate within strain KACC 11467 cells, which implied that strain KACC 11467 also showed chemotactic ability on T. pseudonana cells.
Interaction between chitinase producing bacteria and diatoms. The interaction between strain LY03 and T. pseudonana cells was investigated as in Fig. 5 . The algal cells in the control (Fig. 5A ) showed normal cellular morphology, as well as clearly visible siliceous structures and patterns with thick-shells. After adding bacterial cells of strain LY03 into the algal culture, a very interesting interaction between bacteria and algae has been observed ( Fig. 5B ), in that strain LY03 could fasten itself onto the algal cells with its flagellum, sometimes several bacterial cells fastening on the same algal cells ( Fig. 5C ). At the same time, the algal cells which were adhered by bacterial cells were lysed and lost the siliceous shells and cellular structure, and eventually died ( Fig. 5D-F ). As shown in Fig. 5F , almost all the algal cells under the interaction of strain LY03 lysed and the broken siliceous shells showed that the algal cells were seriously damaged, so that strain LY03 posed a great threat to diatom growth.
The interaction between strain LY03 and P. tricornutum cells was also observed, as shown in Fig. 6A -C. We found that strain LY03 could again fasten its flagellum onto the body of the algal cells, using a method similar to the T. pseudonana cells, but the P. tricornutum cells always kept their normal cellular morphology, and were not affected by strain LY03. In terms of the interaction characteristic between strain KACC 11467 and T. pseudonana cells, the results in Fig. 6D -F showed that bacterial cells of strain KACC 11467 attached on the surface of T. pseudonana cells, but they were not influenced by them during the whole treatment procedure, and maintained normal growth state.
Lysis of T. pseudonana under the effect of strain LY03.
The TEM analysis revealed alterations in the ultrastructure of T. pseudonana under the algicidal effects of strain LY03, as well as an interaction between bacterial cells and algae (Fig. 7) . As shown in Fig. 7A , the algal cells in the control showed normal cellular morphology with compact cell structure; dense cytoplasm protected by the cell membrane and the thick siliceous shell; and intact organelles including chloroplasts, mitochondria, nuclei arranged in order and tightly. Under the algicidal effect of strain LY03, the morphology and structure were seriously damaged, the siliceous frustules which contained chitin was degraded by chitinase, and obvious breaches could be found in the cell wall ( Fig. 7B,C) , as well as the destruction of chloroplasts and mitochondria. When the treatment time was prolonged, the cell wall was totally lysed, and large numbers of vacuoles occurred as well as degradation of the organelles (Fig. 7D) . The TEM results also revealed the interaction between bacteria and algae, showing that the bacterial cells fastened onto the algal cells through their flagella and, at the same time, the algal cells lysed and died (Fig. 7E,F) .
Algicidal activity of different fractions in strain LY03. Periplasmic proteins, cytoplasm and cytoplasmic membrane were extracted from bacterial cells of strain LY03, and the algicidal activity of these different fractions on T. pseudonana cells were determined in Fig. 8 . Within 5 min of treatment time, there showed algicidal activity in periplasmic proteins, cytoplasm, the algicidal rates reached to 20.7 and 16.0%, respectively. The algicidal activity in periplasmic proteins continued to rise, algicidal rate reached 50.3% within 6 h treatment, and 90.7% within 48 h treatment. The algicidal rate in the cytoplasm decreased within 40 min treatment. However, it has increased again during 90 min to 48 h of treatment time, the algicidal rate reached 94.0% within 48 h treatment. We also found algicidal activity in the cytoplasmic membrane within 40 min of treatment time, when the algicidal rate reached 19.4%, and it continued to increase to 91.4% within 48 h of treatment.
Characteristic of intracellular algicidal substances.
To identify the characteristics of intracellular algicidal substances, protease treatments, different temperature treatments and different pH treatments were used to determine the algicidal activity ( Fig. 9 ). After treatment with protease (3 and 6 μ l), the contents of intracellular protein obviously (p < 0.01) decreased when compared to the control (Fig. 9A ). In addition to this decline of algicidal activity compared to control, the algicidal rate in the protease treatment groups decreased to 49.5 and 48.0%, while the algicidal rate in the control reached 79.0%. The intracellular protein content and algicidal rate after being heated at 99 °C also significantly (p < 0.01) decreased when compared to the control. The algicidal activity of intracellular substances after being treated under different temperatures showed clear distinctions (Fig. 9B) , the algicial activity remained stable in the − 80 to 55 °C treatment groups, almost reaching 60%. However, the algicidal rate began to decrease after heating at 65 °C or higher, decreasing to 46.2% in the 65 °C treatment group. The algicidal rate continued decreasing along with the increase of temperature, and decreased to only 6.3% in the 99 °C treatment group. As shown in Fig. 9C , the algicidal activity of intracellular substances after treatment with different pH values was investigated, an obvious decrease in low or high pH, with the algicidal rate decreasing to 22.1 and 16.4% when the pH value was 3 and 11. Especially pH value was 1 or 13, there showed no algicidal activity on algal cells, prompting algal growth instead.
Discussion
Chitinase producing bacteria play an important function in the aquatic environment based on their extensive involvement in energy cycling and nutrient flow 15 , there have been a large number of studies to confirm that microorganisms, particularly bacteria, constitute one of the major sources of chitinase, which caused great interest because of broad applications in antibacterial and antifungal treatments as a source of medicines, in health foods and animal feeds [16] [17] [18] . However, the effect of chitinase producing bacteria on marine phytoplankton containing chitin is unclear, thus the interaction between chitinase producing bacteria and algae has important research value in the protection and utilization of algal resources.
The ability to produce chitinase in C. prasina LY03 and C. koreensis KACC 11467 is confirmed 10, 19 , and these were chosen as the experimental bacterial strains in this study. All diatoms except P. tricornutum contain chitin in their siliceous shells 20 , and P. tricornutum and T. pseudonana (both with clear genome information) are almost always chosen as model diatoms 21, 22 . Therefore, to study the interaction between chitinase producing bacteria and diatoms, we selected the two model organisms, P. tricornutum and T. pseudonana for this investigation.
To determine the algicidal effect of chitinase producing bacterium, strain LY03 on different marine algae with or without chitin, we investigated the algicidal range of strain LY03. The results showed that strain LY03 exhibited algicidal activity on all the diatoms with chitin, as well as the dinoflagellates. Strain LY03 had no effect on P. tricornutum or other algae which did not contain chitin in the exoskeleton. Brunner et al. have reported that the cell walls of T. pseudonana contain an internal, organic network consisting of crosslinked chitin fibers 23 . Ehrlich et al. and Durkin et al. have demonstrated the presence of chitin in diatoms and discussed its potential as scaffolding as well as a template material in siliceous cell walls of diatoms 24, 25 . Ruiz-Herrera et al. also reported that chitin seems to be restricted to eukaryotes, and is present in members of all the "crown kingdoms", which include Fungi, Plantae, Animalia, Alveolates (dinoflagellates), and Stramenopiles (diatoms) 26 . Therefore, since strain LY03 only showed algicidal activity on chitin containing algae, such as diatoms or dinoflagellates, the algicidal activity should have a certain relationship with chitinase which is produced by strain LY03. We also studied the algicidal effect of strain KACC 11467 which also has the ability to produce chitinase and which belongs to the same genus as strain LY03. The results turned out to be different from expected ones, and since strain KACC 11467 showed no algicidal activity on T. pseudonana, we speculated that there were other algicidal factors. To further explore the algicidal mechanism, we measured the algicidal mode of strain LY03. Both the bacterial culture and bacterial cells of strain LY03 showed high algicidal activity on algal cells. However, the bacterial supernatant did not have any algicidal effect. Therefore, the algicidal ability of strain LY03 was mainly due to the bacterial cells themselves, and the algicidal mode of strain LY03 was a direct-way. Kang et al. isolated one bacterium HYK0203-SK02, which showed strong algicidal effect on the growth of Stephanodiscus hantzschii, and determined that the algicidal substance was localized in the cytoplasmic membrane 27 . The bacterial cells of strain LY03 exhibited high algicidal activity on the growth of diatoms, but bacterial cells had no effect on P. tricornutum and other algae which did not contain chitin in the cells, and so chitinase might also play an important role in inhibiting algal growth.
To make sure whether the algicidal activity of strain LY03 was from bacterial cells or intracellular substances, we first investigated the bacterial viability after bacterial cells were added into f/2 medium for different times. Bacterial viability was measured using FCM after the bacterial cells were stained with PI. The fluorescence dye PI cannot pass through complete cell membrane of normal cells, whereas the cell membrane of dying or dead cells lose their integrity and the change of cell membrane permeability allows the cells to be stained by PI 28 . Therefore, we could use FCM to analyze the cells with PI staining, which implied bacterial viability. In the control, almost all the bacterial cells had strong vitality, and only 0.12% of the bacterial cells were stained with PI. We measured the ratio of bacterial cells stained with PI after the cells were cultured in f/2 for 24 h, and 4.39% of the cells were stained by PI, which indicated that only tiny amounts of bacterial cells lost their viability, and most of the cells (95%) remained viable. We also analyzed the ratio of bacterial cells stained with PI after the bacterial cells were cultured in f/2 medium for 48 and 72 h, and the results indicated that only 3.17 and 4.31% of the bacterial cells were stained by PI. Therefore, we concluded that bacterial cells of strain LY03 could maintain bacterial viability in algal cultures, and were involved in lysing algal cells.
Since bacterial cells contributed to algicidal activity, to further confirm the algicidal effect of bacterial cells, the chemotactic ability of strain LY03 was investigated. Chemotactic ability is vital to the capacity for bacteria to degrade chitin. Li and Roseman reported that chitinase producing bacteria possessed chitin catabolic cascade including extracellular chitinases and chemotaxis systems specific for chitin oligosaccharides 4 . The chemotactic ability of strain LY03 and KACC 11467 were investigated in our study, and the results confirmed that strain LY03 showed chemotactic ability to T. pseudonana, as well as P. tricornutum. We deduced that since algal cells could secrete organic nutrients through photosynthesis, and that bacterial cells had a chemotactic potential towards nutrients in order to achieve the purpose of self-growth, therefore, strain LY03 could be chemotactic to any materials which were beneficial to itself. The chemotactic ring of strain KACC 11467 also proved strain KACC 11467 had chemotactic ability. Wadhams and Armitage reported bacteria could respond to changing environments via bacterial chemotaxis, which relied on flagellar switching 29 . The chemotactic ability of chitinase producing bacteria could be conducive to realizing the degradation of chitin.
Understanding the interaction between bacteria and algae is helpful in the study of the algicidal mechanism, and so we observed the interaction process through SEM analysis. We have observed a novel interaction between strain LY03 and diatoms. The flagella of strain LY03 were fixed tightly on the algal cell but, at the same time, the bacterial cells made no contact with the algal cells. Although there was always constant fluctuation of the water, the bacterial cells of strain LY03 connected closely with the algae through the linking of flagella. We also studied the interaction between strain KACC 11467 and T. pseudonana, and found that bacterial cells of strain KACC 11467 could contact with the surface of the algal cells by means of its chemotactic ability. However, the connection was not close and tight, since strain KACC 11467 could separate itself from the algal cells at any time. Comparing the interaction characteristics of strain LY03 and KACC 11467, we concluded that the algicidal ability of strain LY03 provided a great relationship with a special interaction mode, and that the tight connection with the algal cells suggested the implementation of the algicidal effect. The interaction between strain LY03 and P. tricornutum was also investigated, and surprisingly the interaction between strain LY03 and P. tricornutum was similar to the interaction between strain LY03 and T. pseudonana, in that strain LY03 could fasten itself on P. tricornutum through flagella, but showed no algicidal effect on P. tricornutum. Therefore, there must be other reasons related to the algicidal effect of strain LY03.
To investigate other algicidal reasons, we extracted different fractions (periplasmic proteins, cytoplasm and cytoplasmic membrane) from the bacterial cells of strain LY03. As shown in the results, all the fractions showed algicidal activity on algal cells, and the algicidal effect was very rapid. Periplasmic proteins and cytoplasm expressed algicidal ability within only 5 min, and the algicidal rate reached 90% with 48 h of treatment. There could be algicidal substance secreted inside the bacterial cells, which could be released to the extracellular environment and showed algicidal effect on the algal cells at a close range with the help of flagellar fixation. We studied the algicidal effect on T. pseudonana cells through TEM analysis, found that the algal cell wall was degraded by strain LY03, and the morphology and structure of the chloroplasts and mitochondria were seriously damaged leading to cell lysis and death. The flagella of bacterial cells were found to be inside the algal cells as well as causing their lysis.
The algicidal effect of strain LY03 on diatoms was based on a combination of bacterial flagellar fixation and intracellular algicidal substances. To further understand the characteristics of the intracellular substances, we investigated the algicidal effect of intracellular substances after protease treatment, at different temperatures and pH values. The algicidal effect of intracellular substances after treatment with protease has apparently decreased. Likewise decreased the protein contents implying that the intracellular algicidal substances could be protein substances, and could be decomposed by protease. The different ranges of temperature treatment showed that intracellular algicidal substances decreased after the temperature increased to 65 °C, and lost activity after further temperature increase. The algicidal activity reached its highest level when the temperature was 55 °C, and there are many reports that chitinase activity would reached to highest level at 55 °C 30, 31 . Different pH treatment groups showed that intracellular algicidal substances lost their algicidal activity either at high or low pH, so that the intracellular substances were sensitive to pH and exhibited pH instability. In general, intracellular substances should be protein substances, combined with the algicidal range which showed an algicidal effect only on chitin Scientific RepoRts | 6:21984 | DOI: 10.1038/srep21984 containing algae, as well as other characteristics, suggested that the only plausible explanation is that the intracellular algicidal substances seemed to be chitinase.
The interaction between chitinase producing bacteria and diatoms was determined for the first time in this study, and the algicidal mode, range, chemotactic ability, interaction characteristics, intracellular algicidal substance characteristics were also investigated. The algicidal mechanism was that bacterial cells of LY03 could show chemotaxis to diatom cells, and fasten tightly to algal cells with their flagella, and then produce chitinase to degrade the algal cell walls, and eventually kill the algal cell. This is the first report of the functional mechanism of direct algicidal bacteria with fast and efficient algicidal effect on diatoms. Further, studies should focus on the determination of the type of protease produced by strain LY03.
